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Abstract 
 
Organic inorganic hybrid perovskite solar cell is a promising candidate in renewable energy society 
due to its high extinction coefficient, long range absorption and availability of soluble process for 
mass production. It is composed of three kinds of different material on their ABO3 sites which A is 
organic material, methyl ammonium ion (CH3NH3+) and B is a transition metal, lead (Pb2+) and O is 
for halogen (I-, Br-, Cl-). With these components, perovskite performs over 20% of efficiency as a 
single material recently. Therefore, these amazing properties with high performance and low cost 
element make perovskites solar cell open the new area of photovoltaics. 
 
The typical perovskite structure is methyl ammonium lead iodide (CH3NH3PbI3). It is utilized as 
absorber between n-type metal oxide such as TiO2 and hole transport materials such as Spiro-
OMeTAD. When light in injected into the CH3NH3PbI3 perovskite the electron is exited from valence 
band to conduction band and go into the metal oxide semiconductor and arrive to the FTO 
transparency electrode and come back through the external circuit. Due to this all fabrication process 
is from solution process, so thereby it’s very easy to change the component of perovskite. Especially, 
the addition of chloride in precursor solution gives the remarkable enhanced performance with tenfold 
increasing diffusion length compared with pristine one. Therefore, understanding of chloride inclusion 
effect is most important part to design the better researches. It seems like doping effect of chloride, 
but most recent article reported that there is no chloride in peorvskite structure at all. Therefore these 
fundamental principles of chloride inclusion effects are still unveiled.  
 
Ideally, 4% percent of chloride can be positioned in CH3NH3PbI3-xClx perovskite structure. 
Accordingly it indicates that there can be missing to detect the chloride in terms of preparation of 
samples or analysis methods. In this thesis I suggest the new fabrication method and methodology to 
detect the chloride in CH3NH3PbI3-xClx perovskite. 
 
Firstly, I adapted the two step method to fabricate the CH3NH3PbI3-xClx perovskite which have the 
direct bonding between chloride and lead in its prerequisite form, PbCl2-xIx layer. To investigate the 
element and structures energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy and 
X-ray diffraction analyses are conducted. The results show that there is chloride in the final product, 
but the source is not clear due to its combination phase with perovskite and PbCl2-xIx layer.  
 
Secondly, to distinguish the origin of the chloride, ZnO sensor was utilized. ZnO has the properties 
that can have the chemical reaction with methyl ammonium chloride (CH3NH3Cl), so this nature is 
 ii 
adapted for chloride in CH3NH3PbI3-xClx perovskite. The results shows that ZnO sensor is a powerful 
tool to detect the tiny value of chloride and it provide the potential distributions of chloride when it 
was in perovskite structure. 
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1. Introduction 
 
In the last 20th century, the most urgent problem to human was food. Many Scientists provided great 
contribution to solve this matter and it came true by synthesizing ammonia from nitrogen to be 
excellently used to make fertilizer. Thankfully supplies from this artificial fertilizer could fulfill 
human’s fundamental needs. However, in 21st century we face far more overall crisis. It’s about energy.  
There have been developing many techniques to facilitate the limited fossils fuels to compensate 
the demand of modern society. Nevertheless, resources out of earth will be surely exhausted someday 
and it cannot be the enough heritages to satisfy the demand of our descendant. Moreover, it has 
brought the several environmental pollutions such as air pollution, red tide phenomenon, earth 
acidification and green house effects. Therefore, developing alternative energy source is the critical 
issue.  
 
Solar energy is the one of the most promising candidates among the alternative energy society due 
to its infinite, ubiquitous and green energy characteristics. To utilize this solar power to our practice 
life, converting the solar energy to electricity through photovoltaic effect is the simplest and the most 
general way. The first example of this application was Si-based solar cells from Bell Lab at 1954. 
During the decades these Si-based solar cells have successfully commercialized and dominated the 
market. However, its high cost and harmful effects caused by the manufacturing process which 
requires high temperature and using hydrofluoric acid restrict the availability on terawatt scale. 
 
To complement these long-pending problems, different kinds of solar cell have been emerged in the 
last three decades such as thin film solar cell (Cu(In, Ga)Se2, CdTe, Amorphous Si;H), Organic solar 
cell(polymer solar cell, dye sensitized solar cell), Quantum dot solar cell, inorganic solar cell and 
organic-inorganic hybrid perovskite solar cell. Most recently, due to its abundant quantity, high 
extinction coefficient, wide absorption coverage, superior diffusion length and availability of solution 
process, organic-inorganic hybrid CH3NH3PbX3 (X= I-, Br-, Cl-) perovskite solar cells (PSC) have 
been attracted extensively.  
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1.1. Perovskite solar cells (PSCs) 
In figure 1.1 Perovskite structure is displayed as ABO3 structure with methyl ammonium cation 
(CH3NH3+) in A site, lead cation (Pb2+) in B site and halogens (I-, Br- and Cl-) in X site.  
  
Figure 1.1 Schematic diagram of (a) perovskite structure. The site of A is methyl ammonium cation 
(CH3NH3+) and B is lead cation (Pb2+) and X is halogens (I-, Br- and Cl-) 
 
In 2009, Miyasaka et al. firstly suggested that CH3NH3PbI3 and CH3NH3PbBr3 perovskite can be 
used as an absorber in dye sensitized solar cells (DSCs) instead of dye1. The power conversion 
efficiency was recorded at 3.13% and 3.81% for each CH3NH3PbBr3 and CH3NH3PbI3 perovskite 
sensitizer respectively. However liquid electrolyte in conventional DSCs corrodes the perovskite 
immediately. To solve this problem, H.Kim et al. reported solid state DSCs with perovskite sensitizer 
which used Spiro-OMeTAD as a hole transporter in 20122. It successfully fulfilled the two needs  of 
perovskite based DSCs, stability and high performance with PCE of over 9% and maintenance of 
performing time during over 500hrs. These outstanding results now became the reference of 
perovskite solar cells (PSCs) and it is depicted in figure 1.2  
 
Figure 1.2 Basic figure of first solid state perovskite (CH3NH3PbI3) solar cell and its cross section 
inspected by SEM analysis. 
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A month later, Snaith group reported TiO2 free perovskite solar cell which adapted Al2O3 as a scafford 
layer to support the perovskite crystals3. Even though aluminum oxide is insulator, the performance is 
increased from 7.6% with TiO2 to 10.9% with Al2O3. Their results demonstrate that perovskite has the 
capability of electron transport due to its small exiton binding energy around 55 ± 20 eV4. With this 
newly discovered nature of perovskite, they made the device which doesn’t have any scafford layer 
but only with planar junction and it perform the remarkable performance of 15.4%5. In addition, 
Gratzel group suggested original method to give the high coverage of perosvkite crystals on the 
surface area, which is called sequential deposition method and as a result, this novel method leads 
15.0% of PCE6. In this manner the performance of perovskite is enhanced dramatically within the 3 
years, which means the potential of perovskite is enormous and the critical issue is how to make the 
well-formed perovskite crystals. Moreover, Etgar et al. reported that perovskite can transport the hole 
as well as electron, and its device without hole transport material achieved 7.3% of PCE7. To sum up, 
the perovsite solar cells have very low binding energy and high extinction coefficient with availability 
of single crystal generation from solution process. These properties bear the distinct charge generation 
and transport ability. On this account this easy and cost effective photovoltaic device has obtained 
extensive attention in present. 
 
1.2. Electronic process in (PSCs) 
 
Figure 1.3 (a) standard structure of perovskite solar cell and (b) its energy diagram 
 
As shown in figure 1.3(a) the general PSCs embodiment consist of transparent FTO electrode, n-type 
metal oxide semiconductor, perovskite absorber, hole transport layer and counter electrode. Scheme 
1.2(b) shows general energy diagram of perovskite heterojunction cell. When light injected into the 
perovskite absorber through glass substrate the electron-hole pair is generated, and electron is 
transported to the conduction band of TiO2 while hole is moved to the hole transport material. Finally 
electron is transferred into the FTO electrode and external circuit sequentially.  
(a) (b) 
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1.3 Solar cell characterization 
 
Figure 1.4 A typical J-V curves of a solar cell measured in dark and under illumination. 
 
To measure the exact performance of solar cells, the J-V curve is utilized. This analysis is conducted 
give the bias and to examine the current flow produced from photovoltaic devices. These analyses are 
performed under the dark state and illumination state. To collect the information from both side 
ultimate performance of device are measured.  
  
In the dark case, there is no charge generation in photovoltaic device, so reverse bias cannot show 
any produced current. If current produced appreciably in dark state it is from defect of device, so 
therefore it should be subtracted from measurement under the illumination. 
 
In case of illumination, the currents against the forward bias are generated from the photovoltaic 
devices. Therefore, the shape of J-C curves is dominated by two major components; charge generation 
and recombination. The direction of current between reverse bias and device are the same, so till the 
bias became positive, the current flow is almost same or increased. However, when forward bias is 
applied into the current generation, the recombination is occurred. It leads values of currents are 
reduced as applied bias is increased, and finally Voc is determined at the point of potential which 
current became zero. And Jsc is considered at the point of current where there is no bias. 
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The power conversion efficiency (PCE) is the fraction between incident power P in and the 
converted into the electrical power Pel, which is obtained from the sum of measured Voc and Jsc in J-V 
curves. The PCE is defined according to equation 1.1 
 
 (1.1) 
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2. Chloride marks on ZnO sensor for CH3NH3PbI3-xClx 
perovskite 
2.1 Introduction 
Lee et al. firstly reported that halogen site is replaced partially from CH3NH3PbI3 perovskite to 
CH3NH3PbI2Cl perovskite and it gave the significantly increased performance3. This is because the 
perovskite substituted chloride from iodide has over 1um of Ld while tri iodide system have around 
100nm of Ld and it allow absorber film thinker so that much more light can be absorbed8. Therefore, it 
leads enormous attraction of researchers and thereby many reports with high performance via chloride 
inclusion effect are produced. Most recently, National Renewable Energy Laboratory (NREL) made a 
report of 20.1% official efficiency9. However, in this chloride inclusion system the small radii of 
chloride cannot be located stably in CH3NH3PbI2Cl perovskite strucrure, so it is emitted during the 
heating process10. Thereby virtually molar ratio of chloride is not known and it is consequentially 
called CH3NH3PbI3-xClx perovskite structure. Most recent article argue that there is no chloride at all 
in CH3NH3PbI3-xClx perovskite11-13. Their XPS, EDX and STEM analyses don’t show any evidence of 
chloride. Therefore, the fundamental understanding of enhanced performance through chloride 
inclusion effect is in mystery.  
 
2.1.1 The fabrication processes of PSCs 
There three kind of fabrication method of CH3NH3PbI3-xClx perovskite3,14,15. It is composed of one 
step method and two kinds of two step method. As mentioned before, the chloride is emitted during 
heating procedure and it makes previous report cannot find the chloride in perovskite and its role as a 
dopant10. The method previous report used are one step method and two step method which don’t 
have any direct bonding between lead and chloride. Therefore in this thesis I applied the other type of 
two step method which has the direct bonding between lead and chloride in its prerequisite layer.  
 
 2.1.1.1 One step procedure 
 
Figure 2.1 simple scheme of one step method to fabricate the CH3NH3PbI3-xClx perovskite 
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In one step procedure, lead chloride and 3 times molar ratio of methyl ammonium iodide is mixed in 
1M DMF solvent. And it is spin coated with proper ratio and deposited on the FTO substrate and 
heated at 95℃ and final product, CH3NH3PbI3-xClx perovskite is produced. In this method, chloride is 
remained as a salt in the solution, and with evaporation of solvent process, chloride is emitted as a 
form of methyl ammonium chloride (CH3NH3Cl)16. Therefore, there are very low possibilities that 
chloride is remained in perovskite structure.  
 
  2.1.1.2 Two step procedure 
 
Figure 2.2 simple scheme of two step method to fabricate the CH3NH3PbI3-xClx perovskite 
 
In case of two step procedure, there are two kinds of fabrication. First one is stared with producing 
PbI2 layer and followed by dipping in MAI & MACl solution and then final product, CH3NH3PbI3-
xClx perovskite is produced. There is also no any chance to have the direct interaction between lead 
and chloride. However, another method of two step process, the PbCl2-xIx layer is introduced by mixed 
solution of PbI2 and PbCl2 with various ratios and followed by dipping in MAI solution and finally 
CH3NH3PbI3-xClx perovskite is made. In case of PbCl2-xIx layer, the binding energy of chloride and 
lead is larger than that of iodide and lead due to its short distance of bonding17. Therefore, there are 
possibilities that this connection is remained in the perovskite structure. From now on, all the 
fabrication conditions in this thesis follow this two step method. 
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2.2 Result and discussion 
2.2.1 Optimization of CH3NH3PbI3-xClx PSCs demonstrated by J-V curves 
    
Figure 2.3 Photovoltaic characteristics of CH3NH3PbI3-xClx perovskite solar cell (a) J-V curves of 
photovoltaic devices from different ratio of PbI2-xClx at 100mW/cm2 and (b) their external quantum 
efficiencies respectively. 
 
Table 2.1 photovoltaic parameters of devices from different ratio PbI2-xClx layer derived from J-V 
measurement at light intensity of 100mWcm-2 
PbI2:PbCl2 ratio Voc (V) Jsc (mA cm
-2) FF(%) PCE(%) 
1 : 0 0.95 18.8 51.6 9.27 
1 : 0.25 0.96 21.9 48.1 10.1 
1 : 0.50 1.00 19.3 60.4 11.7 
1 : 0.75 1.02 19.6 54.1 10.9 
1 : 1 1.06 17.1 53.8 9.73 
 
 
Before investigation of chloride in CH3NH3PbI3-xClx perovskite solar cell, it is important for 
accurate study to confirm that photovoltaic devices are optimized due to its uncertain properties of 
incomplete samples. J-V curve is the most clear standard data for description of drawing potential of 
photovoltaic devices. Fig 2.3(a) shows that five different precursor based solar cells are well 
optimized with distinct tendencies. Interestingly, EQE data from Fig 2.3(b) implies that absorption 
regions are regardless of various ratio of chloride in PbI2-xClx layer and final CH3NH3PbI3-xClx 
perovskite structures followed by dipping in MAI solution have almost similar properties. The detail 
electronic analysis for these trends in performance is beyond this thesis, so further researches are 
(b) (a) 
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required. The best performance of device is from 1:0.25 ratio of PbI2:PbCl2 precursor solution with 
PCE of 14.3% at forward scan direction (Jsc -> Voc) and 14.8% at backward scan direction (Voc->Jsc) 
in figure 2.4  
 
Figure 2.4 J-V characteristics of the best photovoltaic device from 1:0.25 ratio of PbI2:PbCl2 
precursor solution measured at 100mW cm-2 
 
Table 2.2 photovoltaic parameters of the best devices derived from J-V measurement at a light 
intensity of 100mWcm-2 
PbI2:PbCl2 =1:0.25 Voc (V) Jsc (mA cm-2) FF(%) PCE(%) 
Backward scan 1.07 19.2 72.0 14.8 
Forward scan 1.07 19.1 69.5 14.3 
 
Therefore, with well established condition for CH3NH3PbI3-xClx perovskite structures from different 
precursors, the first step of investigation on chloride is ready. Primarily, in order to know qualitative 
and quantitative analysis of which elements are involved in CH3NH3PbI3-xClx perovskite structures, 
energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy are conducted. 
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2.2.2 Elements investigated by EDX and XPS 
 
 
Figure 2.5 Energy dispersive X-ray spectroscopy of 0:1 one step perovskite (PbCl2 : 3MAI) 
 
Table 2.3 EDX parameters for normalized atomic percentage of lead cation, iodide, chloride in one 
step CH3NH3PbI3-xClx perovsktie via procedure 
PbI2 : PbCl2 1:0.5 1:1 0.5:1 0:1 
Pb2+ 1 1 1 1 
I- 2.97 3.29 3.18 3.35 
Cl- - - - - 
 
To seek the differences on existence of chloride between one step and two step CH3NH3PbI3-xClx 
perovskite, firstly I checked the chloride content in one step CH3NH3PbI3-xClx perovskite 
As mentioned in many previous reports, EDX analysis data shows no chloride in one step 
CH3NH3PbI3-xClx perovskite made of different precursor solutions which vary the molar ratio of PbI2, 
PbCl2 and MAI. (Accurate quantities of MAI are significant for desired product of CH3NH3PbI3-xClx 
only. Miss matching of molar ratio of iodide and lead cation on precursor solution bears diverse 
impurities such as CH3NH3PbCl3, PbI2 and two dimensional perovsktie structures. Hui Yu et al. 
reported that chloride is eliminated as gaseous form from the CH3NH3PbI3-xClx intermediate phase 
during the annealing process and final product is derived. Thus, these EDX result could correspond 
with that.  
However, the results of EDX on two step CH3NH3PbI3-xClx perovskite display the tendency that 
increased chloride value is appeared as molar ratio of PbCl2 in PbI2 & PbCl2 mixed solution is 
increased in case of PbI2-xClx layer and CH3NH3PbI3-xClx perovskite both.  
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Figure 2.6  Energy dispersive X-ray spectroscopy of 0:1 two step CH3NH3PbI3-xClx perovskite. 
 
Table 2.4 EDX parameters for normalized atomic percentage of lead cation, iodide, chloride in two 
step CH3NH3PbI3-xClx perovskite 
PbI2-xClx 1:0 1:0.25 1:0.5 1:0.75 1:1 
Pb2+ 1 1 1 1 1 
I- 2.31 1.51 1.36 1.19 0.93 
Cl- 0 0.56 0.86 1.05 1.19 
I- : Cl- 
 
1 : 0.37 1 : 0.63 1 : 0.88 1 : 1.29 
Perovskite 1:0 1:0.25 1:0.5 1:0.75 1:1 
I- 2.74 2.66 2.86 2.56 2.69 
Cl- 0 0.21 0.25 0.32 0.35 
I- : Cl- 1: 0 1 : 0.08 1 : 0.09 1 : 0.12 1 : 0.13 
  
 
Interestingly, in table 2.4 EDX data in two step CH3NH3PbI3-xClx perovsktie obviously shows the 
existence of chloride. In terms of PbI2-xClx layer, the amount of chloride value takes dominantly 
possession than that of iodine over the precursor concentration. It means that chloride could have 
stronger binding force to lead in PbI2-xClx form rather than iodide. However, in case of CH3NH3PbI3-
xClx perovsktie structure followed by dipping in MAI solution, chloride contents seems to be limited 
in contrast with PbI2-xClx form. Chloride values don’t exceed the ratio of 0.15 with iodine and it’s a 
tenth part of PbI2-xClx form. It can be described that chloride species in PbI2-xClx form are emitted 
simultaneously while CH3NH3+ and I- ions penetrate into the layer. Since smaller radii of chloride 
replace the position of lager iodide is thermodynamically unstable. Previous study on chloride content 
in CH3NH3PbI3-xClx perovsktie through DFT calculation referred that chloride can only take the 
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possession below 4% in overall species. 
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Figure 2.7  I / Cl At% ratio in PbI2-xClx layer and two step CH3NH3PbI3-xClx perovskite 
 
This observation of detected chloride value in fig 2.7 allows us to develop the 3 hypotheses. First, 
chloride is from PbI2-xClx layer, which cannot be converted to perovskite structure completely. Second, 
chloride is from residue inside and outside the film. Third, chloride is from CH3NH3PbI3-xClx 
perovskite. And this is the main concern. To scrutinize where chloride come from, X-ray 
photoelectron spectroscopy is carried out.  
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Figure 2.8 The (a) C 1s, (b) Cl 2p, (C) Pb 4f and (d) I 3d spectra for two step CH3NH3PbI3-xClx 
perovsktie from various ratio of PbI2-xClx layer 
 
With calibrated carbon peak at 284.2eV in Figure 2.8 (a) chloride is not detected in every samples. 
Generally, XPS is a soft analysis that penetrates into the sample around 5nm, so it means that surface 
of sample could not have the chloride. According to EDX results in table 2.4 PbI2-xClx layers have the 
chloride obviously and surface area which contacts with CH3NH3+ and I- ion closely is almost 
perovskite. Hence, perovskites don’t have chloride or contain below value of detectable limit. Even 
though direct sign of chloride from XPS is not appeared, there is a possibility which binding energies 
of lead and iodide could be strengthened due to stronger electro negativity of tiny value of chloride. 
However, Figure 2.8(c) shows coherence outcomes of binding energy on lead. It indicates that there is 
none of other bindings to lead. XPS results of Iodide in Fig 2.8(d) also confirm that there is no 
external bonding. It is an interesting observation that optimized CH3NH3PbI3-xClx perovskties have 
almost same elements configuration in their structure regardless of different molar ratio of PbI2-xClx 
prerequisite layer. This is because small radii of chloride in CH3NH3PbI3-xClx perovskties might make 
the structure unstable. Therefore, chloride detected by EDX analysis could be from unconverted PbI2-
xClx prerequisite layer or residue of film and possibility out of perovskite is diminished. To confirm 
(a) (b) 
(c) (d) 
 14 
the source of elements, sequentially structure analysis is required. 
 
2.2.3 Structure investigated by XRD and Abs 
 
Figure 2.9 X-ray diffraction spectra of CH3NH3PbI3-xClx perovskite and its PbI2-xClx prerequisite layer. 
 
To investigate the specific composition of perovskite structure, CH3NH3PbI3-xClx perovskite from 
1:0 and 1:1 and their prerequisite layer are analyzed via X-ray diffraction spectra. XRD results in Fig 
2.9 show that both perovskite structures from 1:0 and 1:1 have their own prerequisite structure. It 
indicates that optimized perovskite film is not composed of itself alone, but have the combination 
structure with tis prerequisite layer. This is because CH3NH3+ and I- ions cannot penetrate into the 
depth part of PbI2-xClx film and unconverted film remains till dipping time of 5h. This result provides 
clear evidence that detected chloride come from PbI2-xClx film.  
However, it is still ambiguous assumption that whole chloride is involved in PbI2-xClx film only. 
There is a doubt of existence of rare amount from perovskite structure, but it is very hard to detect the 
very tiny amount of chloride and to distinguish where it come from. Without high selectivity of 
chloride in perovskite structure only, this investigation cannot be advanced. 
 
2.2.4 ZnO sensor for chloride in CH3NH3PbI3-xClx perovskite 
To give the selectivity of chloride in CH3NH3PbI3-xClx perovskite, ZnO is utilized. In previous 
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experiment, ZnO make the color of perovskite changed from black to yellow. It indicates that there 
are chemical reactions between ZnO and CH3NH3PbI3-xClx perovskite. The possibility as to 
decomposition of perovskite by moisture from hydrated ZnO could leave out of consideration due to 
its high temperature requirement over 200℃ for 10min to make the ZnO film from sol-gel procedure. 
Moreover, in case of ZnO film which needs over 500℃ for 30min also changes the color of 
perovskite. Interestingly, as shown in fig 2.10, CH3NH3PbI3-xClx perovskite from PbICl layer is 
decomposed faster than CH3NH3PbI3 perovskite from PbI2. The color of CH3NH3PbI3-xClx perovskite 
changes within 2minutes at 100℃ while CH3NH3PbI3-xClx perovskite needs over 1hour. This 
phenomenon gives the fundamental discernment that chloride is involved in this color changed 
reaction with ZnO. The reason of this reaction should be further investigated, but this observation 
gives significant insight to find the existence of chloride and its doping effect in CH3NH3PbI3-xClx 
perovskite.  
 
Figure 2.10 Color changes of 2 step CH3NH3PbI3 and CH3NH3PbI3-xClx.  
 
 
2.2.4.1 Hypothesis and experiment condition of ZnO sensor 
Previous literature by T. M. Southern et al. reported that the reaction between ZnO and CH3NH3Cl 
have four endothermic peaks at 78℃, 80℃, 120℃ and 290℃ respectively18. These peaks indicates 
reaction between ZnO and CH3NH3Cl to form ZnCl2. In case of chloride in perosvkite binding force is 
not strong so that it could have the chance to produce the ZnCl2. With a bold assumption that ZnO 
reacts with chloride of CH3NH3PbI3-xClx perovskite selectively and it leaves the evidence of chemical 
reaction on its surface, Table 2.5 describes the ideal expected experiment results. 
There are four different environments to confirm the reaction between chloride of CH3NH3PbI3-xClx 
perovskite and ZnO; ZnO with PbCl2-xIx, ZnO with one step CH3NH3PbI3-xClx perovskite, ZnO with 
two step CH
3
NH
3
PbI
3 Perovskite and ZnO with two step CH3NH3PbI3-xClx perovskite respectively. 
Expected results should be come from two step CH3NH3PbI3-xClx perovskite only. To conduct the 
experiment, procedure is planned as below scheme 2.3. Briefly, PbCl2-xIx layer and perovskite coated 
on ZnO film are heated at 80℃ for 30minutes to give enough time for chemical reaction and rinsed in 
DMF and IPA solvent to remove the PbCl2-xIx layer and perovskite and finally dried with nitrogen 
blow. ZnO film is clearly rinsed with good transparency in figure 2.12. Now sample is ready to be 
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investigated to their morphologies 
 
Table 2.5 Ideal experiment results from detection of chloride from ZnO reacted CH3NH3PbI3-xClx 
with perovskite. 
 1. ZnO + PbCl2-xIx 2. ZnO + *1 Perovskite 
CH
3
NH
3
PbI
3-x
Cl
x
 
3. ZnO 
+ *2 Perovskite 
CH
3
NH
3
PbI
3
 
4. ZnO 
+ 2 Perovskite 
CH
3
NH
3
PbI
3-x
Cl
x
 
Detection of Cl  
on ZnO  
X  X  X  O  
* 1 is for one step perovskite and 2 is for two step perovskite.  
 
 
 
Figure 2.11 Experiment procedures to find the evidence of chloride on ZnO sensor; (a) ZnO with 
PbCl2-xIx layer, (b) ZnO with CH3NH3PbI3 and CH3NH3PbI3-xClx perovskite 
 
 
Figure 2.12 (c) experiment figure with four different kinds of samples 
(a) 
(b) 
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2.2.4.2 ZnO sensor morphology investigated by SEM 
  
   
Figure 2.13 SEM images of ZnO surface reacted with (a) PbCl2-xIx, (b) one step CH3NH3PbI3-xClx 
perovskite, (C) two step CH3NH3PbI3 perovskite and (d) two step CH3NH3PbI3-xClx perovskite 
 
To investigate the surface of the reacted ZnO, scanning electron microscope is performed. Fig 2.13 (a-
c) shows that the morphology of ZnO is not transformed when it reacts with with PbCl2-xIx, one step 
CH3NH3PbI3-xClx perovskite and two step CH3NH3PbI3 while there is distinct changes on ZnO surface 
with two step CH3NH3PbI3-xClx perovskite. Firstly, it is worth mentioning that there are no 
morphology changes on ZnO surface with PbCl2-xIx layer. As confirmed in EDX results, same molar 
ratio of deposited layer with precursor solution indicates that there is strong binding force between 
chloride and lead in PbCl2-xIx layer. It doesn’t allow ZnO reacts with PbCl2-xIx layer. According to this 
result it is confirmed that ZnO have the selectivity between PbCl2-xIx layer and perovskite. More 
interestingly, ZnO surface with one step CH3NH3PbI3-xClx perovskite doesn’t show any changes on 
their morphologies. This is because its different fabrication mechanism with two step process which 
requires continuous heating over 2hrs for evaporating solvent when perovskite is formed, so that it 
may give chloride enough time to be evaporated as previous literature mentioned. Moreover, in one 
step process chloride is existed as a salt in the coated layer on the substrate, therefore there is no direct 
coordination between chloride and perosvkite structure. Then, positive gibbs energy doesn’t allow 
(a) 
(d) (c) 
(b) 
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chloride go into the structure of perovskite and thereby it is exposed plainly to the condition of 
evaporation with constant heating.  
The most significantly, there is no changes on ZnO surface when chloride is not included even in 
the two step CH3NH3PbI3 perovskite which color was altered from black to bright yellowish by the 
reaction with ZnO. Therefore, ZnO can be the sensor between PbCl2-xIx and perovskite, and between 
CH3NH3PbI3 perovskite and CH3NH3PbI3-xClx perovskite in two step process. The reason that ZnO 
have the selectivity from CH3NH3PbI3-xClx perovskite only could be analogized by the previous report. 
It says that methyl ammonium chloride reacts with ZnO at 130~140℃ to make the ZnCl2. Hence, It is 
attributed that smaller binding force of chloride in perovskiste give chloride the chance to react with 
ZnCl2 whereas chloride in PbCl2-xIx have too high binding force to react with ZnO.  
To confirm this selectivity of ZnO for chloride, same experiment process is performed with two 
step CH3NH3PbI3-xClx perovskite from lower ratio of chloride in PbCl2-xIx.  
 
  
Figure 2.14 ZnO surface reacted with two step CH3NH3PbI3-xClx perovskite from (a) 0.25:1 and (b) 
0.5:1 molar ratio of PbCl2:PbI2 in PbCl2-xIx layer.  
 
In Fig 2.14, ZnO surface reacted with CH3NH3PbI3-xClx perovskite from a fourth and a half molar 
ratio of chloride in PbCl2-xIx has the trace that chemistry is occurred both. Thereby it is confirmed that 
even tiny quantity of chloride in CH3NH3PbI3-xClx perovskite gives the transformation of ZnO surface. 
It indicates that this ZnO sensor is very sensitive to the chloride in CH3NH3PbI3-xClx perovskite. 
All SEM analysis elucidate that ZnO has the high particular specificity for chloride in two step 
CH3NH3PbI3-xClx perovskite. The fundamental reason could be from weak bound of chloride in 
perovskite structure, so thus applied heat would gives the driving force to ZnO to have the enough 
energy that can react with chloride and to be thermodynamically stable. But the reason that why color 
of two step CH3NH3PbI3 perovskite is varied without any transformation of ZnO surface needs further 
investigation. So far ZnO reacted with chloride in CH3NH3PbI3-xClx perovskite is demonstrated, and 
the next question is where chloride is. To answer this question energy-dispersive X-ray spectroscopy 
(a) (b) 
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was performed.  
 
Table 2.6 EDX results from ZnO surface reacted with 4 different conditions.  
 
1. ZnO 
+ PbCl2-xIx 
2. ZnO 
+ 1 Perovsite 
CH3NH3PbI3-xClx 
3. ZnO 
+ 2 Perovsite 
CH3NH3PbI3 
4. ZnO 
+ 2 Perovsite 
CH3NH3PbI3-xClx 
C K 4.70 5.30 7.86 4.63 
O K 49.72 49.00 58.69 50.24 
Si K 39.47 39.69 23.99 33.72 
Zn L 5.00 4.87 8.01 4.46 
Pt M 1.12 1.13 1.45 0.84 
 
If chloride is reacted with ZnO, the qualitative evidence should be detected on the ZnO surface. Table 
2.6 shows EDX analysis results of reacted ZnO samples. The distance between samples and electron 
beam was 12mm and accelerating voltage was 15kV and emission value was 10uA. The Pt value is 
from pt sputtering. However, any chloride is not detected in all ZnO surface. Even tiny value of 
platinum also detected with uniform quantity in every sample, but chloride doesn’t exist in EDX 
outcome. It may be from evaporation of chloride after chemical reaction with ZnO during the heating 
process. With these results even in the affected surface of ZnO by two step CH3NH3PbI3-xClx it is clear 
that there is no chloride.  
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2.2.4.3 Cross marks of chloride on ZnO sensor 
 
  
Figure 2.15 Cross marks on ZnO surface reacted with two step CH3NH3PbI3-xClx perovskite 
 
However, interestingly when figure is zoomed out till 1.00k magnification in SEM analysis, curious 
marks are detected. There are few cross marks are gathered inside of the heart shape caved surface on 
ZnO surface in Figure 2.15(a). In high magnification of Fig 2.12(b-d) the boundary of caved region 
shows obvious different contrast and morphology compared to outside surface. It indicates that some 
chemical reaction was occurred partially between ZnO and CH3NH3PbI3-xClx perovskite. It is 
discovered only when color change is appeared between two step CH3NH3PbI3-xClx perovskite and 
ZnO. This result ensures that ZnO selectively responds with chloride in perovskite again. This caved 
shapes contained cross marks are located throughout the whole surface of ZnO film locally. To figure 
out the identity of these cross marks, energy-dispersive X-ray spectroscopy is conducted.  
In table 2.7, EDX results clearly shows high concentration of chloride on the cross marks, and it 
make sure that reaction between ZnO film and chloride in perovskite is occurred selectively. 
Furthermore, mapping of EDX in Fig 2.16 shows that chloride is located along the cross marks 
distinctly whereas other species such as Si, O, and C are distributed on the surface thoroughly. It is the 
definite evidence that chloride come from the cross marks.  
(a) (b) 
(c) (d) 
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Table.2.7 EDX analysis of cross marks on ZnO surface  
 
 
  
  
Figure 2.16 Mapping of EDX on the cross mark in regard to (a) Si, (b) O, (C) Zn and (d) Cl (inset is 
the SEM image of cross marks) 
 
To confirm this result with small molar ratio of chloride in perovskite, same experiment was 
performed. With 0.5:1 molar ratio of PbCl2:PbI2 mixed precursor solution, PbCl2-xIx is prepared and 
deposited on the glass substrate and dipped into the methyl ammonium iodide solution. Sequentially, 
heated at 80℃ for 30min and rinsed by DMF solution. In this case, the same results are reproduced in 
(a) (b) 
(c) (d) 
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Fig 2.17 
 
  
Figure 2.17 SEM and mapping image of cross marks caused by two step CH3NH3PbI3-xClx perovskite 
from 0.5:1 molar ratio of PbCl2-xIx. 
 
Therefore, it is confirmed that even in the small amount of chloride in peorvskite also produce the 
cross. This observation could give many explanation of why previous researches cannot find the 
chloride at all in the perovskite structure. It is attributed that chloride is located in CH3NH3PbI3-xClx 
perovskite locally and with very tiny amount. It can be the reason that various direction methods to 
find the chloride are failed such as EDX, XPS and TEM analysis. Another assumption is that chloride 
is located in perovskite thoroughly with lower value of detection limit, but when it reacts with ZnO 
chloride is accumulated and make the cross marks. To confirm the accurate location of chloride in 
CH3NH3PbI3-xClx perovskite should be the next research. Even though there are still needs of many 
confirmations for other sources of chloride such as residue, methyl ammonium chloride, chloride 
contained species, this discovery of cross marks proposes the new direction of detecting the chloride 
elements and original idea of distribution pattern of chloride in CH3NH3PbI3-xClx perovskite structure. 
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2.3 Conclusion and perspective 
In chapter 2 I examine reaction between ZnO surface and several candidates which have the chloride 
component; PbCl2-xClx layer, one step CH3NH3PbI3-xClx perovskite, two step CH3NH3PbI3 perovskite 
and two step CH3NH3PbI3-xClx perovskite. In this experiment, ZnO was successfully utilized as 
chloride sensor in CH3NH3PbI3-xClx perovskite. Morphology of ZnO surface changes when chloride in 
CH3NH3PbI3-xClx perovskite is adapted. In addition, chloride elements along the cross marks on the 
surface confirm that ZnO can do the selective reaction with chloride of perovskite.  
It is worthy of noting that it can describe why previous experiment method couldn’t find the 
chloride. Cross marks localized on the ZnO surface is attributed as chloride is locally positioned in 
perosvkite structure, so it could lead the possibility of missing during the sampling. Moreover, if 
chloride value is too diminutive to detect regardless of location, ZnO sensor makes chloride 
accumulated so that detection is possible 
Therefore, we can now think newly about doping effect of chloride with these results. If the small 
amount of remained chloride in perovskite affects the performances on the CH3NH3PbI3-xClx 
perovskite solar cell, this discovery of indirection method using ZnO sensor should be more 
meaningful. 
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3. Experimental Section 
3.1 Fabrication of thin film mixed halide PSCs 
To clean the FTO substrate, the sonication is occurred with acetone and ethanol and IPA for 10min 
respectively and to avoid the humidity, cleaned FTO substrates are stored in convection oven at 70℃ 
overnight. c-TiO2 layer is performed by TiCl4 bathing method. After 20min of Uv-plasma treatment, 
FTO substrate are immersed in 200mM TiCl4 solution and it is stored at 70℃ for 1hr. The white color  
of solution indicates that rutile compact layer is well formed. Followed by rinsing in ethanol and IPA 
solution PbCl2-xIx layer is deposited on c-rutile layer. PbCl2-xIx solution is made by mixed with various 
ratios of PbI2 and PbCl2 in 1M DMF solution and stirred at 70℃ for 6hrs. This PbCl2-xIx solution is 
deposited on the FTO / rutile compact layer by spin coated at 3500rpm at 2s ramping time for 30s and 
heated at 70℃ for 30min. After evaporating the DMF solvent in PbCl2-xIx layer, it is dipped into the 
methyl ammonium solution (10mg / ml in IPA) for 5mins and spin coated at 5000rpm for 30s to 
remove the solvent immediately. The final product CH3NH3PbI3-xClx perovskite is dried at 100℃ for 
5min to confirmation of solvent evaporation. Spiro-OMeTAD is used for hole transport material, and 
it is dissolved in chlorobenzene solvent (80mg / 1ml) with additive 4-tert-butylpyridine (115.2ul / 4ml 
solvent) and lithium bis-trifluoromethanesulfonimide (Li-TFSI) (520mg/ml in acetonitrile solution is 
added 70ul in 4ml of chlorobenzene). HTM is spin coated at 4000rpm for 30s on the CH3NH3PbI3-xClx 
perovskite and finally 60nm gold is deposited on the substrate. 
 
3.2 Fabrication of ZnO sensor 
ZnO sensor is made by sol-gel method with 1.64g of Zinc acetate dehydrate (Zn(O2CCH3)2(H2O)2) is 
dissolved in 10ml of 2-methoxyethanol and 0.5ml of 1-ethanolamine. It is deposited on the glass 
substrate by spin coating method at 3500rpm for 30min and heated at 200℃ for 10min 
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마지막으로 부모님께 감사 드립니다. 아들이 커서 석사 졸업을 했습니다. 사회적으로 보 
면 이제 시작단계일 뿐인데, 이 시작 단계를 위해서 부모님이 제게 쏟으신 사랑과 은혜 
의 대가는 너무 컸던 것 같습니다. 제 일생을 다해 고백해도 부족하겠지만, 정말 사랑합 
니다. 
 
이 짧은 지면에 다 기록할 수 없지만, 마음 써주시고 도움 주셨던 모든 고마운 분들과  
실험실에게 감사를 드립니다. 
